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Abstract 
GeoMechanics Technologies has completed a geomechanical caprock integrity analysis and risk assessment study funded 
through the US Department of Energy. The project included: a detailed review of historical caprock integrity problems 
experienced in the natural gas storage industry; advanced coupled transport flow modelling and geomechanical simulation of 
three large-scale potential geologic sequestration sites to estimate geomechanical effects from large-scale CO2 injection; and 
development of a quantitative risk and decision analysis tool to assess caprock integrity risks.  Historical data from gas storage 
operations and CO2 sequestration projects suggest that leakage and containment incident risks are on the order of 10-1 to 10-2 , 
which is higher risk than some previous studies have suggested for CO2.  Geomechanical analysis, as described herein, can be 
applied to quantify risks and to provide operating guidelines to reduce risks.   The risk assessment tool developed for this project 
has been applied to five areas:  The Wilmington Graben offshore Southern California, Kevin Dome in Montana, the Louden Field 
in Illinois, the Sleipner CO2 sequestration operation in the North Sea, and the In Salah CO2 sequestration operation in North 
Africa.  Of these five, the Wilmington Graben setting represent the highest relative risk while the Kevin Dome setting represents 
the lowest relative risk. 
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1. Introduction 
A primary factor influencing long-term geologic storage of carbon dioxide is caprock integrity. Large-scale CO2 
injection projects require improved and advanced simulation tools and risk assessment techniques to better predict 
and manage system failures. As part of GeoMechanics Technologies’ DOE-funded project, Development of 
Improved Caprock Integrity and Risk Assessment Techniques, we have completed a multi-phase geomechanical 
caprock integrity study to advance understanding of caprock integrity issues. 
First, we provide a review, analysis, and description of historical leakage events related to caprock integrity 
within the natural gas storage industry.    Second, we develop and describe analytical equations that can be applied 
for first order estimates of induced stresses and strains due to pressure and temperature changes related to CO2 
injection.   
Next we describe a process for one-way coupled fluid and heat flow simulation and geomechanical simulation to 
estimate induced stresses and failure risks.   The method has been applied to three potential geologic sequestration 
sites: the offshore Los Angeles Wilmington Graben; the northern Montana Kevin Dome structure; and the Louden 
natural gas storage field in central Illinois. Detailed geologic models of each site were created from stratigraphic and 
lithologic information collected from maps and wells located throughout the fields. The completed geologic models 
of each of these three sites were used as input for CO2 injection and fluid migration modelling. To manage areas 
with uncertain geology, several geologic scenarios were simulated to determine the horizontal and vertical extent of 
the CO2 plume after 30 years of injection. Geomechanical models were used to evaluate induced deformations and 
stresses within the reservoirs and overlying caprocks and to analyze potential fault activation. This paper describes 
results from our fluid flow and geomechanical modelling for these three potential geologic sequestration sites.. 
A quantitative risk and decision analysis tool to assess caprock integrity was also developed and applied. 
Potential loss of caprock integrity is considered due to tensile fracturing, fault activation, and wellbore failure in the 
caprock. The likelihood of loss events can be assessed in a spreadsheet model for these leakage mechanisms based 
on a set of general gas-storage and CCS-specific risk factors. For each factor, a range of parameter values associated 
with high, moderate and low leakage risk conditions is evaluated and assigned an order of magnitude relative score. 
This leads to a total score of each set of site-specific parameter values, which can be translated into a loss event 
probability. The relative risk ranking tool is described herein, and applied to the three potential sequestration sites, 
and to two historical large scale sequestration projects, providing their relative risk. 
2. Review of historical caprock integrity problems experienced in the natural gas storage industry, with 
implications for CO2 leakage incident probability 
2.1. Underground Storage of Natural Gas 
Natural gas is stored underground primarily in depleted oil and gas reservoirs, saline aquifers, and solution mined 
salt caverns to help meet cyclic seasonal demands for gas. It is a practice that reduces price volatility and balances 
the flow in pipeline systems [1 & 9].  In seasonal storage, natural gas is injected during the summer, when demand 
for heating is low, and is withdrawn during the winter season. Depleted gas reservoirs and saline aquifers are both 
used for this type of storage. Salt caverns are used for short-term storage, because they can quickly switch from 
injection to withdrawal and operate at large injection and extraction rates [1]. 
The practice of underground natural gas storage can provide useful insights related to risk assessment for 
geologic storage of CO2. Although CO2 and CH4 have different density and solubility, this type of operation is more 
directly relevant to geologic storage than other waste injection operations because, like CO2, natural gas is less 
dense than water and consequently will behave as a buoyant fluid. They also have similar viscosity, and anticipated 
CO2 injection rates are comparable to current CH4 injection rates [6]. 
There are currently more than 400 underground storage sites in the United States and more than 100 storage sites 
in Europe and Central Asia (see for example Fig.1 and Fig.2).  About 80% of these are in depleted oil and gas fields, 
with the remainder approximately evenly divided between saline aquifers and solution mined salt caverns [4 & 5]. 
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Fig.1. U.S. Underground Natural Gas Storage Facilities [11]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Underground Natural Gas Storage Facilities in Europe and Central Asia (IEAGHG, 2009). 
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The necessary conditions for underground natural gas storage are similar to those for CCS [1].  These are: 
x A geologic structure under in which fluid can be trapped (e.g., an anticline with sufficient closure);  
x A reservoir (i.e., porous and permeable layers of rock); 
x A caprock (i.e., impermeable or low-permeable, water-wet rock layers that prevent the stored fluid from 
rising or moving laterally to rise elsewhere); 
x Water present to confine the stored fluid in all directions; and, 
x Adequate overburden (depth) to allow the storage of fluids under sufficiently high pressures. 
 
In addition to natural gas storage, other industries utilizing these same conditions for injection operations include 
oil and gas waste disposal (for both liquids and solids), industrial hazardous and non-hazardous waste disposal, and 
municipal sanitation waste disposal.  (See for example: Benson [1], IPCC [2], Perry [3], EIA [4 & 5], Lewicki et al. 
[6], Burton et al. [7], Myer [8], and DNV [9]). 
 
2.2. Caprock Integrity Problems and Gas Leakage Incidents 
Natural gas storage fields are operated around the world, and the majority of these operate without problems. In 
some instances, however, gas has migrated from the storage zone to overlying and/or adjacent formations, to 
shallow groundwater, and even to the surface. Although most of these instances are related to well integrity 
problems, some have occurred due to caprock integrity failure. So far there are no documented cases of fully 
remediating a leak in a caprock in either a natural gas storage or waste injection project [7]. Performing such 
remediation work in the future is speculative at best. For the most part, these leaks could have been avoided through 
proper and thorough geologic characterization of the caprock. 
We have reviewed historical data and documented caprock integrity problems in the gas storage industry. 
Reviewing and analyzing many of these incidents provides useful information to the CO2 sequestration industry, 
helping to recognize and identify risk conditions and improve project design and operating practices to help ensure 
permanent geologic storage. This effort consisted in collecting and analyzing gas storage data associated with 
caprock integrity problems, and examining maximum pressure limits and analyzing past failure incidents that have 
occurred during gas storage operations. 
Relying principally on two previous studies [3 & 10], we identified 22 incidents of gas leakage due to caprock 
integrity issues worldwide, about 10% of all reported leakage incidents. Of these, half were due solely to an 
insufficiently gas-tight caprock, whether too thin, too permeable, or made of dissoluble constituents. Another quarter 
of these incidents were due solely to undetected or incorrectly characterized faults and/or fractures through the 
caprock, allowing fluid communication between the reservoir and formations unintended for storage. Finally, the 
remaining quarter was cases in which both of these factors are believed to have played a role in leakage.  
It should come as no surprise that most instances of these geologically related gas migration problems have 
occurred in aquifer gas storage operations. While comprising only about 10% of natural gas storage reservoirs 
overall, aquifer storage operations account for about 65% of these 22 incidents. In some cases the flaws in the 
caprock were associated with previously unrecognized fracturing or faulting associated with the anticlinal structure 
of the gas storage field. Typically, a large anticlinal structure with as many feet of closure as possible is an important 
criteria for an aquifer gas storage field (see Error! Reference source not found.). Large structural deformation, 
however, introduces a greater possibility of caprock flaws and potential leakage [3]. 
The two root causes for failures for many of these, and likely for all of these 22 cases, are because the geology of 
the site was not properly characterized and/or the pressure in the storage reservoir was too high [1].  
Creating pressure gradients that the storage formations have not experienced before can result in the displacement 
of the static water column, forcing water out of the cap rock and causing gas to leak from the storage formation [12], 
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thus exceeding the threshold displacement pressure or threshold pressure (i.e., the gas pressure is high enough to 
displace water-gas menisci in the rock pores) [1]. 
It is also important to recognize that the pressure required to fracture a reservoir is not constant, but changes with 
average reservoir pressure.  It is easier to fracture a formation that is in a pressure depleted state as compared to the 
reservoir at original pressure conditions.         
The majority geologically related leakage incidents have occurred in saline aquifers converted to gas storage. In 
these cases, conduits in the caprock occur due to fracturing or faulting associated with anticlinal structures. Leaks 
occur as a result of the more challenging nature of aquifer gas storage: less geologic data, higher required pressures 
and unconfirmed sealing.  
To estimate failure rates and risk, several researchers have documented incidents of leakage at UNGS facilities. 
Based on our survey of these studies, the rate of failure can be estimated: of 485 operational and abandoned UNGS 
facilities in the U.S., Europe and Central Asia, 39 of these reservoirs have experienced leakage representing an 8% 
incident rate.   For example, Table 1 below provides a summary of reported observations by Evans (2009). 
 
Table 1 Summary of gas storage leakage incidents reported by Evans (2009) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is very important to recognize, however, that reported and documented leakage incidents are not at all 
comprehensive.   Most leakage incidents are not documented.   During the past five years GeoMechanics 
Technologies has been involved in half a dozen legal disputes involving storage gas migration which are not 
documented or mentioned in literature.   The natural gas storage industry has a strong economic incentive not to lose 
gas.   Yet it does not achieve anything close to 99% containment over decades, the stated goal of some organizations 
such as the US Department of Energy Geologic Storage Program.     In our opinion 99% containment over 100 years 
is a worthy goal, but not a likely outcome.    
U.S. UGS Leakage Events:
• ~373 US UNGS facilities 
operational and abandoned in 
O&G fields and aquifers
• 28 of these reservoirs have 
experienced leak incidents
• 28/373 = 7.5% incident rate
European UGS Leakage Events:
• ~112 European UGS facilities 
operational and abandoned in 
O&G fields and aquifers 
• 11 of these reservoirs have 
experienced leak incidents
• 11/112 = 9.8% incident rate
O&G
Fields
Aquifers Totals
MigrationfromInjectionFootprint/Cavern
(notDueEntirelytoWellProblems)
11 13 24
CaprockͲ NotGasTight/SaltThickEnough 3 12 15
CaprockͲ Fractured/Faulted,NotGasͲTight 4 5 9
SeismicActivity 1 0 1
NotAvailable 4 1 5
Contributory
processes/mechanisms
attributedtoleakage/failure
StorageFacilityType
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Based on historical data from the gas storage industry, and even based on recent experience with large scale CO2 
sequestration projects to date (consider In Salah for example), a one in ten (10-1) probability of out of zone leakage 
incidents is a reasonable order of magnitude estimate for leakage risk with CO2 sequestration projects.   That is, of 
every 10 large scale CO2 sequestration projects, expect that one or more will experience out of zone leakage 
incidents.  But it is also important to note that leakage out of zone does not generally result in leakage to surface.    
Reservoir and overburden geologic and geomechanical characterization is a critical requirement for risk assessment. 
 
3. Analytical equations for first order estimates of induced stresses and strains caused by CO2 injection 
Injection of large quantities of CO2 into a porous media necessarily requires elevation of the pore pressure in 
order to displace the existing fluids.  Large scale CO2 injection also modifies temperature, as injected material is 
generally lower temperature than the formation.   These pressure and temperature changes in the storage zone cause 
formation expansion and induce stresses in the overlying caprock.   The geomechanical integrity of the caprock can 
be compromised by three basic mechanisms.   These are: 
 
1. Potential tensile fracturing; 
2. Potential fault activation; 
3. Potential bedding plane slip.    
 
In general the stresses induced in the caprock and resulting damage risk must be determined through 3D 
geomechanical modelling and numerical simulation.  It is important, however, to consider the underlying physics 
and fundamental analytical solutions upon which such analyses are based, in order to gain insight into the important 
mechanisms and parameters which influence caprock integrity. 
If we consider a small volume element V within the storage zone, the change in volume 'V induced by pressure 
and temperature changes may be expressed as: 
 
'V/V = Cb'P + 3D'T    (1) 
 
where Cb is the material bulk compressibility and D is the linear coefficient of thermal expansion.   Note that both 
pressure increase and temperature increase induce expansion.  Conversely, a pressure decrease and a temperature 
decrease induce contraction.     
If the storage formation was completely free to expand or contract in all directions, there would be no stresses 
induced.   The surrounding formations, however, constrain this deformation.  The result is that stresses are induced 
both within the storage reservoir and within the surrounding material (including the caprock).   Considering only 
pore pressure increase, for example, compressive stresses are induced within the storage zone and tensile and shear 
stresses are induced in the caprock.  These can lead to one or several of the caprock failure mechanisms listed above.  
To further illustrate and discuss this fundamental mechanism inducing stresses in the caprock, we consider the 
displacements that are induced in the surrounding formation due to a center of dilation or contraction within the 
storage zone.  As a first approximation, we describe and consider the fundamental equations for displacements, 
strains, and stresses in a continuum.   Using index notation, strains ɂ୧୨  are related to displacement gradients 
୧ǡ୨through the equations: 
ɂ୧୨ ൌ
ଵ
ଶ
൫୧ǡ୨ ൅ ୨ǡ୧൯    (2) 
For general elasticity, the stresses in a body ɐ୧୨ are related to the strains through a general stiffness matrix ୧୨୩୪ and 
tensor relationship as follows:   
ɐ୧୨ ൌ ୧୨୩୪ɂ୩୪    (3) 
 
The number of independent material properties contained in the stiffness relations of equation (3) depends on 
the type of material behavior.   For completely “isotropic” materials (in which stiffness properties do not vary in any 
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direction), there are only two independent material properties.  Sedimentary formations are typically “transversely 
isotropic”.   That is, stiffness properties are constant in both directions parallel to bedding, but different in a 
direction perpendicular to bedding.   For such materials, there are five independent material properties.   But 
sedimentary layers with vertical fracture will have different stiffness properties even in the two directions parallel to 
bedding.   Such materials are called “orthotropic”, and contain nine independent material properties.    Considering 
the simplest case of isotropic materials, the stress-strain and stress-displacement relations can be expressed as 
follows: 
 
ɐ୧୨ ൌ ɉɁ୧୨ɂ୩୩ ൅ ʹ
ɂ୧୨ ൌ ɉɁ୧୨୧ǡ୨ ൅ 
൫୧ǡ୨ ൅ ୨ǡ୧൯  (4) 
where ɉ and G are two independent material properties and Ɂ୧୨ is the Kronecker delta which takes a value of unity 
when i=j and a value of zero otherwise.    The material properties ɉ and G are can be expressed in terms of the more 
commonly used Young’s Modulus, E, and Poisson’s Ratio Q, through: 
 
ɉ ൌ ஝୉
ሺଵା஝ሻሺଵିଶ஝ሻ
    and   
 ൌ ୉
ଶሺଵା஝ሻ
    (5) 
Equation (4) can be applied to estimate the stresses induced in the caprock if the strains or displacement field is 
known.   Solutions for the displacements and stresses induced in a half-space due to a center of dilation (or 
contraction) have been presented by Sen (1950) and Geertsma (1973) and applied by a number of researchers to 
evaluate subsidence and casing deformations induced by compacting reservoirs (see for example Bruno et al, 1998 
[34]; Bruno, 2002 [35]).   The displacement field produced by a center of dilation located at position (xo, yo, zo) with 
pressure and temperature change, as given in Equation (1), is provided by the set of equations below: 
୶ ൌ  ቂ
ப୚భ
ப୶
൅ ʹ ப
మ୚మ
ப୶ப୸
൅ ሺ͵ െ Ͷɋሻ ப୚మ
ப୶
ቃ    (6) 
୷ ൌ  ቂ
ப୚భ
ப୷
൅ ʹ ப
మ୚మ
ப୷ப୸
൅ ሺ͵ െ Ͷɋሻ ப୚మ
ப୷
ቃ    (7) 
୸ ൌ  ቂ
ப୚భ
ப୸
൅ ʹ ப
మ୚మ
ப୸మ
െ ሺ͵ െ Ͷɋሻ ப୚మ
ப୸
ቃ    (8) 
Where, 
 
 ൌ  ሺଵା஝ሻ
ଵଶ஠ሺଵି஝ሻ
ሾୠο ൅ ͵Ƚοሿ    (9) 
 
ଵ ൌ ሾሺ െ ଴ሻଶ ൅ ሺ െ ଴ሻଶ ൅ ሺ െ ଴ሻଶሿି
భ
మ   (10) 
ଶ ൌ ሾሺ െ ଴ሻଶ ൅ ሺ െ ଴ሻଶ ൅ ሺ ൅ ଴ሻଶሿି
భ
మ   (11) 
 
Equations (4) may now be combined with equations (6) through (11) to determine the stresses induced in the 
caprock due to pressure and temperature changes occurring within the storage zone.   This is valid for elastic 
behavior of isotropic materials.   For example, the horizontal shear stresses induced in the caprock, which might lead 
towards bedding plane slip and well damage, can be expressed as: 
 
ɐ୶୸ ൌ 
 ቂ
μ୶
μൗ ൅
μ୸
μൗ ቃ ൌ
୉୔
ሺଵା஝ሻ
ቂப
మ୚భ
ப୶ப୸
൅ ʹ ப
య୚మ
ப୶ப୸మ
൅ ப
మ୚మ
ப୶ப୸
ቃ   (12) 
 
and, 
 
ɐ୷୸ ൌ 
 ൤
μ୷
μൗ ൅
μ୸
μൗ ൨ ൌ
୉୔
ሺଵା஝ሻ
ቂப
మ୚భ
ப୷ப୸
൅ ʹ ப
య୚మ
ப୷ப୸మ
൅ ப
మ୚మ
ப୷ப୸
ቃ   (13) 
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Similar equations can be developed for any of the stress components at any location within the caprock.  The change 
in pressure and temperature is measured from some reference state (typically the initial reservoir conditions) from 
which induced stresses are to be determined.  The total induced stresses caused by varying temperature and pressure 
fields within an arbitrarily shaped reservoir can be obtained by integrating the contribution of all the center of 
dilation points over the entire reservoir volume.  The equations above may be integrated analytically if the pressure 
and temperature distribution and reservoir shapes are simple functions, or numerically if they are more complex.  
To illustrate a typical distribution of shear stresses within the caprock at the top of a reservoir, we present 
parametric results from numerical integration of equations (12) and (13) for an axisymmetric reservoir volume of 
radius R and height H, located at depth d below the surface, in which pressure change varies linearly from a 
maximum of 'P at r=0 to zero at r=R.   Shear stresses in figure 3 are normalized with respect to reservoir radius, 
height, pressure change, and material properties.   
 
 
 
Fig.3. Normalized shear stress at the top of an axisymmetric reservoir with linear pressure change distribution 
 
To illustrate the influence of pressure distribution shape on shear stress pattern and magnitude, we present in 
figure 4 the analytical solution for a sample reservoir of specific dimension (indicated in the figure) for both a 
uniform and linear pressure distribution.  For both cases shear stresses are zero at the center of symmetry (center of 
the pressure change).   In the case of uniform pressure, shear stresses reach a maximum near the reservoir flank.  
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Fig.4.  Comparison of induced shear stress with linear (blue) and uniform (red) pressure change for a sample axisymmetric reservoir  
 
Although only a very few simple reservoir configurations can be solved analytically, the theoretical description 
nevertheless provides insight and guidance on relative risk factors.   For example, it can be seen that induced shear 
stress magnitude increases with larger radius to depth ratio.  But once a reservoir is deeper than about the distance of 
its radius, shear stress magnitude is relatively insensitive to depth and is instead controlled primarily by the ratio of 
reservoir thickness to reservoir radius.  That is, pressure changes over a thicker reservoir interval will induce 
proportionately large shear stresses in the caprock than the same pressure change generated over a thinner reservoir 
interval.   Analytical solutions can also be used for comparison and validation of numerical modelling approaches.  
 
4.  Integrated geology, transport flow, and geomechanical simulation to evaluate CO2 injection effects 
A general workflow developed and applied by GeoMechanics to evaluate injection (or production) effects, 
including induced stresses, possible fault activation or bedding plane slip, subsurface and surface deformation, and 
well damage risks, is presented in figure 5.  The first step is to establish a 3D geologic model for the area, based on 
well log data, seismic data, and drilling data.  The next step in the characterization process is to develop integrated 
fluid flow and geomechanical models to simulate CO2 injection and migration, and to simulate the stresses and 
displacements induced by injection related pressure and temperature changes.    
In summary, first a 3D static geologic model (or models) is established consistent with available seismic, log, and 
drilling data.   Based on this 3D geometry and grid structure, fluid flow and geomechanical model are also 
established.   In general the fluid flow models cover a smaller volume space than either the geology model or the 
geomechanical model, as the latter two must extend to the surface and beyond the lateral extent of the reservoir.   
For this particular project we use Rockworks for the static geologic models, TOUGH2 for the fluid and heat flow 
simulation, and FLAC3D for the geomechanical simulation. 
 
0.0E+00
5.0E+05
1.0E+06
1.5E+06
2.0E+06
2.5E+06
0 100 200 300 400 500 600 700 800 900
In
du
ce
d
sh
ea
rs
tr
es
sa
tt
he
re
se
rv
oi
rt
op
(P
a)
r(m)
ReservoirRadius,R=325m
ReservoirThickness,H=59m
ReservoirDepth,d=475m
Young'sModulus,1Gpa
Poisson'sRatio,0.25
ѐP=8.2MPa
linearpressurechange
uniformpressurechange
 Michael S. Bruno et al. /  Energy Procedia  63 ( 2014 )  4708 – 4744 4717
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Generalized workflow for assembly and application of integrated geology, fluid flow, and geomechanical modeling 
 
To illustrate the process and sample application, during the course of this project we created detailed geologic 
models for three large-scale geologic sequestration sites, encompassing a range of geologic settings.  Modelling was 
completed for the Kevin Dome area in Montana, the Wilmington Graben area offshore Los Angeles, and Louden oil 
and gas field in Illinois.    We present herein results for Kevin Dome, which is a relatively low risk operation, and 
for the Wilmington Graben, which is a relatively higher risk operation (as will be described later in this paper). 
Initial static geologic models for each site was developed from stratigraphic and lithologic information collected 
from maps and wells located throughout the fields. The completed geologic models of each of these three sites were 
used as input for three-dimensional coupled transport flow and geomechanical models to investigate and describe 
caprock behavior, for a range of CO2 injection conditions.  
Pressure and temperature distributions were simulated using the TOUGH2 family of codes from Lawrence 
Berkeley National Labs. These have been developed to simulate multi-phase, multi-component fluid and heat flow 
in porous and fractured media. Pressure and temperature results from the TOUGH2 simulations were then used as 
input into three-dimensional geomechanical models to evaluate induced deformations and stresses within the 
reservoir and overlying caprock. The geomechanical simulation tool used was FLAC3D, with enhanced constitutive 
behavior functions developed by Geomechanics Technologies to model formation deformation, faulting, and 
bedding plane slip. To manage areas with uncertain geology, several geologic scenarios were simulated to determine 
the horizontal and vertical extent of the CO2 plume after 30 years of injection. We developed and applied this 
combined and coupled fluid and temperature flow simulation and geomechanical simulation technique over a range 
of operating conditions (single and multiple injection wells at varying rates and temperature). 
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4.1. Kevin Dome, Montana 
The Kevin Dome is located in Northern Montana.  The area is being studied and characterized for large scale 
CO2 sequestration by the Big Sky Carbon Sequestration Partnership (see www.bigskyco2.org for latest updates).  
The proposed sequestration site contains a low-sloping anticline structure composed of carbonate and detrital rocks.   
Studies are underway by the Big Sky Partnership to characterize injection into the Duperow formation, a zone of 
high porosity dolomite located at a depth of 1250 m (4100 ft).    
For the GeoMechanics Technologies caprock integrity study, however, we were requested by US DOE to 
perform geomechanical analysis and risk analysis completely independent of the partnership efforts.   We therefore 
collected and analyzed well log data and geologic data from Montana State public records in order to develop 
combined geologic, fluid flow, and geomechanical models for the area.   Figure 6 presents a map view of the project 
area, with contours elevation of the Duperow Formation, and showing the areal extent of our geologic, fluid flow, 
and geomechanical model boundaries. 
 
 
 
Fig.6. Kevin Dome map.  Blue box marks perimeter of the geologic model domain. Black box indicates location of the 10km X 10km combined 
fluid flow and geomechanical model domains. 
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4.1.1. Geologic Information 
First, a 3D stratigraphic and lithology model was constructed for the area (see Fig.7 below) based on well log 
marker data and available maps. This was constructed using RockWorks software.  Well control is available but 
somewhat limited in this area (see available wells in white boxes of figure 6).  While there is a great deal of 
hydrocarbon production in this region, it is generally limited to shallower formations.  Only a few wells penetrate 
into the proposed, deeper injection formation. Fig.8 shows a cross section through the stratigraphic model centered 
on the proposed injection well.   Digital sonic and density logs for wells State 22-21 and Potlatch O & R 1 were 
obtained and analyzed for rock mechanical properties. 
 
 
 
Fig.7. Lithology model developed by GeoMechanics for the Kevin Dome CO2 injection analysis. 
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Fig.8. Cross section through stratigraphy model centered on proposed injection well. 
 
4.1.2. Fluid Flow Migration Model 
After establishing a 3D geology model, the next step in the process is to develop a 3D fluid flow model.  For this 
step we developed a TOUGH2 fluid migration model using the PetraSim graphical user interface. The model 
established (see Fig.6 and Fig.9) is 10km X 10km in the lateral dimension and 1400m in the vertical direction, 
spanning a depth interval from -231.72 to 1174.8 m, and centered on the proposed injection well.  The injection 
interval is between -75 m & -95 m (note: negative sign indicates below sea level), which is 1,250 m to 1,270 m 
below ground level. The mesh is finer around the well and in the injection interval; totaling 56,129 elements.   The 
stratigraphy and lithology data from the RockWorks geologic model were input to the TOUGH2 model.  
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Fig.9. Fluid flow model mesh for Kevin Dome. 
 
The density (kg/m3), effective porosity (%), and three-dimensional permeability (mD) of each material were 
estimated from literature values. We gathered relative permeability and capillary pressure curves based on similar 
lithologies and in-situ conditions found near the Kevin Dome area. After we compared the formation depth, pore 
pressure, temperature, permeability and porosity properties typical for the Kevin Dome area, we chose the Muskeg 
Anhydrate, Wabamun Carbonate (low K and high K, respectively), and Calmar Shale as our reference formations 
for determining the relative permeability and capillary pressure curves by using Van Genuchten-Mualem function 
[18 & 19]. 
Initial temperature and pressure conditions were set consistent with well log data from this area. The surface 
temperature is set to 15.56 C (60 F), with 0.0145 C/m (0.8 F/100ft) temperature gradient. The surface pressure is set 
to 1.01325E5 Pa (14.7 psi), with 1.0857 Pa/m (0.48 psi/ft) pressure gradient.   The side boundaries are set with 
constant pressure (initial gradient).  We used the ECO2N module for supercritical CO2 injection simulation, and 
simulated isothermal conditions for up to 50 years of constant injection pressure 1.62E7 Pa (2350 psi).  This is about 
17% higher than the initial pressure. About 15.4 million tons of CO2 are injected over 50 years (0.308 million tons 
per year).   
Fig.10 presents a top view of the resulting CO2 plume migration after 50 years of injection.   CO2 flow is well 
contained vertically beneath the caprock, and extends about 2000 m laterally away from the wellbore.   Error! 
Reference source not found. shows the pressure contour in NE-SW and NW-SE directions, centered on the 
injection well, at the end of 50 years injection. Fig.12 shows the pressure profiles at  ൌ Ͳ ൌ ͷͲ 
on a horizontal section through the injection zone, centered at the injection wellbore.   The pressure increase at the 
injection well is about 2.5 MPa (360 psi).    This pressure change profile is subsequently used as input to the 
geomechanical model, in order to estimate induced stresses and deformations. 
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Fig.10.  CO2 supercritical gas plume after 50 years of injection – top view. 
 
 
 
Fig.11. Supercritical CO2 saturation contour centered on injection well, in NE-SW and NW-SE directions. 
t=50years
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Fig.12. Pressure profile in the injection zone, centered on the injection well, in NE-SW direction. 
 
4.1.3. Geomechanical Model for Kevin Dome 
We next developed a 3D geomechanical model for Kevin Dome, mapping grid information and data from the 
geology and fluid flow models. The dimensions of the geomechanics model are 10,000m x 10,000m in the lateral 
direction, and about 2500 m in the vertical direction, extending from the surface about 1175m above sea level to 
1345 m below sea level, and centered on the injection wellbore. The model has a total of 144,000 elements, with a 
finer mesh near the injection well and in the Duperow injection formation (Fig.13).  
 
 
Fig.13. 3D geomechanics model established for Kevin Dome 
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The mechanical properties of each formation were estimated from log data, as no laboratory core test data are 
available.   We applied roller boundary conditions on all surfaces except the top surface, which is free to move in 
both vertical and lateral directions.   We then simulated the induced stress and displacement during 50 years of 
injection, by applying pressure changes from the fluid flow simulation to the geomechanics model.  The resulting 
surface deformations are presented in Fig.14. The maximum displacement is above the injection well, with a 
maximum uplift of about 5 mm.  This is relatively minor, primarily due to the low pressure increase and relatively 
stiff material properties. 
 
 
 
Fig.14. Vertical displacement:  3D view (top) and cross section (below), after 50 years of injection (meters). 
We present in Fig.15 cross section views of the induced horizontal stresses.  Compressive stresses are induced 
within the injection interval (zone of increased pressure), while tensile stresses are induced above and below the 
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injection zone. The maximum induced horizontal compressive stress is about 1.4 MPa (about 200 psi).   The stress 
changes induced by injection operations in this case are relatively small compared to in-situ stresses and compared 
to estimated shear strength properties for the matrix material and bedding planes.  Given these low values, there is 
no significant risk for caprock fracturing or fault activation. 
 
 
 
 
Fig.15. Plot contours of induced horizontal stresses after 50 years of injection, including E-W (top) and N-S (lower) normal stress, in Pa. 
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Fig.16 the induced horizontal shear stresses on N-S and E-W sections.   These are quite low, with maximum 
magnitude only on the order of 3.0E+4 Pa. 
 
 
 
Fig.16. Plot contours of induced horizontal shear stresses after 50 years of injection, displayed on E-W (top) and N-S (lower) sections, in Pa 
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4.2. Wilmington Graben, Offshore Los Angeles, California 
The Wilmington Graben is located offshore Los Angeles, California (Figure 17 below).    The area is being 
studied and characterized for large scale CO2 sequestration by GeoMechanics Technologies under DOE contract 
FE0001922.   That effort is more fully described in a companion paper “Characterization of Pliocene and Miocene 
formations in the Wilmington Graben, Offshore Los Angeles, for large scale geologic storage of CO2”  (see also 
www.socalcarb.org).  The graben is situated between the Palos Verdes fault to the west and the Thums-Huntington 
Beach fault to the east. The geologic setting is characterized by turbidite deposits composed of graded sequences of 
sand, silt, and shale. 
Pliocene and Miocene sediments in the Los Angeles Basin are massive interbedded sand and shale sequences  
known to provide excellent and secure traps for oil and gas.   The area contains several billion-barrel oil and gas 
fields, including the giant Wilmington Field in Long Beach (more than two billion barrels produced to date).  These 
formations have been used by Southern California Gas Company for large-scale underground storage of natural gas 
at half a dozen locations throughout the Los Angeles basin for more than fifty years, demonstrating both the storage 
potential and security of these formations for CO2 sequestration. 
 
 
 
 
 
Fig.17.  Wilmington Graben location, power plants, and refineries within the Los Angeles geologic basin. 
 
4728   Michael S. Bruno et al. /  Energy Procedia  63 ( 2014 )  4708 – 4744 
4.2.1. Geologic model 
The initial geologic characterization effort included assembly and analysis of log data from a dozen existing 
wells located within both State and Federal waters, and combination of this information into a common database.   
Several key geologic horizons markers were identified at each well location. Lithology versus depth was also 
identified for each well, separated into four categories for sand, shale, sand-shale interbed, and silt. 
To further characterize the area and extend the geologic horizon beyond the discrete well locations in 3D, 3D 
seismic data available for a portion of the Wilmington Graben was re-processed and analyzed.  An additional 175km 
of 2D marine seismic data was collected in a “data gap” area, using ship borne seismic arrays provided by Cal State 
Long Beach.   
Finally, two new wells were drilled by GeoMechanics Technologies in the north Graben area to establish 
additional formation characterization data in both the Pliocene and Miocene intervals.  Core samples were taken in 
each well, and measurements made of porosity, permeability, and rock mechanical properties.  
Given the key stratigraphic horizons established from seismic data, and lithology versus depth determined from 
log data, inter-well interpolation was applied to create both stratigrahic and lithology models for the entire 3D 
volume comprising the Wilmington Graben.   The 3D lithology model and an associated fence diagram is provided 
in figures 
The offshore Wilmington Graben lies within a turbidite depositional environment. Lithology is known to vary 
both vertically and laterally.  A simple interpolation between wells can sometimes create an overly simplified 
lithologic model.  Seismic horizon data can inform the geologist of general stratigraphic trends, but can not 
completely resolve the uncertainty in lateral variation of lithology.   To account for such variation and uncertainty, 
therefore, we considered multiple geologic interpretations of the available data with varying ratios of sand and shale.   
We developed and considered several alternative lithology distributions, each of which honor the general 
stratigraphic trend and the specific lithology distribution at each well.   These include a baseline geologic model, a 
high shale geologic model, and low shale geologic model, each of which were considered in subsequent fluid flow 
simulations. 
 
 
 
Fig.18: 3D lithology model with cut-away view. 
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Fig.19. Geologic fence diagram for the Wilmington Graben with lithology interpolated between known wells. 
4.2.2. Fluid flow model for the Wilmington Graben 
Two areas in the middle and in the northwest of the graben were chosen for fluid flow and geomechanical 
modelling, as indicated in Figure 20.    We present herein results for the middle graben area. 
 
 
Fig.20. Integrated fluid flow models (shown in hatched area) and geomechanical models (shown in purple overlays). 
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The conceptual fluid flow model was created by mapping the geology from the RockWorks model into a 
TOUGH2 flow model (Fig. 21).  The full conceptual model is shown in Fig. 22.  As the model is bounded on the 
SW and NE by the Palos Verdes and Thums Huntington Beach faults, respectively (which are known to be sealing), 
these boundaries were set with no-flow conditions.   The NW and SE boundaries of the model were defined as 
constant pressure conditions (depth dependent). 
 
 
Fig. 21. Mapping of lithology from RockWorks model to TOUGH2 model. 
  
 
Fig. 22. 3D flow model for mid graben area. 
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We simulated thirty years of injection at about 1 million metric tons per year into a sand interval approximately 
50m thick. The injection was followed by fifty years of monitoring. The simulation results for the geologic baseline 
model indicate that after 30 years of injection, the CO2 plume migrated and extended to a distance of about 1,000m 
(3,280ft) in the horizontal direction and 450m (1,500ft) in the vertical direction, indicated in figures 23 and 24.   
 
 
 
Fig. 23. CO2 migration in baseline model (left) and high shale model (right), both after 30 years of injection; SW-NE cross sections. 
 
 
Fig. 24. CO2 migration in baseline model (left) and high shale model (right); both after 30 years of injection; top view. 
 
4.2.3. Geomechanical model for the Wilmington Graben 
 
A geomechanical model was also assembled for the central graben area.  The purpose was to assess stress 
changes induced by injection operations, fracturing risks, fault activation risks, and surface deformations.  Figures 
25 and 26 present illustrations of the geomechanical model for the central graben area.  The dimensions of this 
model are about 8500 m in the lateral directions and 2950 m in the vertical direction, extending below the injection 
interval to the seafloor. We apply roller boundary conditions on all surfaces except the top surface, which is free to 
move in both vertical and lateral directions.  
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Mechanical properties for varying layers were determined with sonic logs, calibrated with triaxial rock mechanics 
testing on core samples.  The Palos Verdes and THUMS Huntington Beach faults serve as the no-flow side 
boundaries of the model, consistent with the fluid flow model.   The model is initiated with gravitational loading and 
initial stresses determined from step-rate testing and borehole breakout analysis.  Initial pressure and temperature as 
a function of depth were also determined for the area.    The loading of the model is input via the change in pressure 
and temperature determined from the fluid flow simulation (i.e. a one-way coupling process).   Note that to first 
approximation, material dilation or compression is related to the change in pressure times compressibility and to the 
change in temperature times thermal expansion.   Increased pressure acts to expand the formation rock, while 
decreased temperature act to contract the rock.   The surrounding materials resist this expansion and/or contraction, 
resulting in stresses being induced both within the interval experiencing pressure and temperature change and within 
the surrounding formation material.    
 
 
 
Fig. 25. 3D geomechanical model for the central Wilmington area. 
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Fig. 26. Geomechanics model cross sections centered on the proposed injection wellbore; NW-SE (top) and NE-SW(bottom) directions. 
 
Figure 27 presents the change in pressure determined from the fluid flow model and applied as loading to the 
geomechanical model.   Pressure changes are relatively minor, generally less than 1 MPa throughout the region of 
CO2 migration.   Figure 28 illustrates the horizontal stresses induced by such pressure change.   Compressive 
stresses are induced within the pressurized areas and tensile stresses are induced above and below.   These induced 
tensile stresses, however, are significantly below in-situ compressive stresses for the area, so that risks for caprock 
fracturing are very low. 
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Fig. 27. Pressure change determined from fluid flow model and input into geomechanical model (Pa) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 28. Resulting induced horizontal stress change (Pa) 
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5.   Development and application of a quantitative risk and decision analysis tool to assess caprock integrity  
We next describe a Quantitative Risk & Decision Analysis Tool (QRDAT) developed for caprock integrity 
evaluation, with the aim of assessing the potential for leakage during CO2 injection. For this purpose we have 
established a set of parameters (risk factors) that influence the likelihood of caprock failure. We established order of 
magnitude value ranges for each parameter, which, when applied to particular geologic and operational settings, 
enable quantification of risk and offer a means by which to compare potential and active storage sites.    
We consider three primary leakage mechanisms.   These are tensile fracturing of the caprock, fault activation, and 
well damage.   The set of risk factors can be divided into three main groups:  
1. Mechanical state of the storage system, which includes stresses, pressures and faults; 
2. Caprock and storage zone system, including reservoir and caprock geometry and properties; and 
3. Operations, which include the status of the wells and injection practices. 
5.1.  Mechanical State Factors 
5.1.1. Desired maximum formation pressure/effective minimum horizontal stress 
The higher this ratio, the higher the risk for caprock failure. This number is a measure on how close the pressure 
in the formation is to the failure pressure, as fracturing occurs when the minimum horizontal stress is exceeded by 
the pressure in the reservoir.  
5.1.2. Desired maximum formation pressure/discovery pressure 
This ratio is a measure of the pressure increase in the reservoir. The higher this ratio, the larger the pressure 
increase in the caprock-storage zone system. The magnitude of pressure increase controls the potential for tensile 
and shear failure in the caprock and so poses risks for CO2 containment. 
5.1.3. Maximum formation pressure/formation depth 
Higher formation pressure increases the risk for caprock failure.  This value, however, needs be normalized to the 
formation depth to take into account the fact that high pressures are less influential with increasing depth due to 
countervailing pressure increases from increasing overburden load. The higher this ratio, the higher the risk for 
integrity loss. 
5.1.4. Stress regime 
Simple stabilization relations imply that a compressional stress regime will have the highest risk for reactivation 
during CO2 injection, as CO2 pressure increase will have a destabilizing effect on thrust faults, whereas it has 
stabilizing effect on normal faults (Fig 29).   This only refers to the normal stresses induced by pressure increase.  It 
does not refer to possible direct migration of fluid into the fault zone, which can destabilize either type of fault by 
reducing the normal effective stress acting to keep the fault from slipping.    
 
 
 
Fig 29.  Induced horizontal stresses due to injection tend to stabilize normal faults and destabilize reverse faults 
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5.1.5. Stress ratio 
The stress ratio is defined as ı3/ı1. Modelling studies for extensional stress regimes have shown that lower stress 
ratios lead to larger absolute fault slip magnitudes [22& 23]. In general, stress ratios are on the order of 0.5-0.7. 
Lower stress ratios lead to greater fault reactivation risks due to enhanced arching of the resulting normal stress. 
This causes a larger normal than shear stress ratio and so a greater chance of fault activation. 
5.1.6. Fault boundaries 
Faults can be activated by supercritical CO2 encroachment. Stable faults are in equilibrium with the stresses 
acting on the fault plane. An increase in fluid pressure due to pressurized CO2 entering the fault plane decreases the 
effective normal stress on this fault plane. When the fault plane approaches critical stress needed to initiate fault 
movement, this pore pressure increase may activate the fault. There is consensus that faults may act as flow paths, at 
least shortly post-failure [24]. The presence of one or more close faults that extend far into the caprock increases the 
risk of caprock integrity loss. Additionally, Orlic et al. [25] have demonstrated that stress concentrates on fault 
planes at interfaces between different lithologies, as exist between reservoirs and caprocks. Therefore, fault 
reactivation may be more likely at the caprock-reservoir interface, increasing this location’s sensitivity to integrity 
loss. 
5.1.7. Natural seismicity 
High natural seismicity clearly poses a risk for caprock integrity loss. In regions with strong natural seismicity, 
the presence of pre-existing faults and fracture networks can be expected, which offer potential conduits for fluid 
migration, and generally reduce caprock integrity.  
5.2. Caprock-Storage Zone System Factors 
5.2.1. Storage zone lateral extent/depth and caprock lateral extent/thickness 
These parameters assess the lateral continuity of both the reservoir and caprock by normalizing it to a fixed value 
(formation depth and caprock thickness, respectively). Clearly, the more extensive a formation is in the lateral 
direction, the smaller the chance that CO2 will reach a spill point and migrate upwards. Therefore, high ratio values 
for these parameters indicate low failure likelihood.  
5.2.2. Storage zone thickness/ depth 
High values for this ratio correspond to a relatively thick reservoir at relatively shallow depth, indicating 
relatively large volumes of CO2 stored relatively close to the surface. This combination has a major implication if 
failure in the caprock occurs:the release of a large amount of CO2 without far to migrate upwards to reach the 
surface. Thus high ratio values here correspond to high risk. 
5.2.3. Caprock strength 
A stronger caprock has a lower risk for caprock integrity loss, due to a lower risk for both tensile fracturing and 
the onset of new faults in the caprock. A fracture develops only when the compressive strength in a rock is 
overcome, so the higher the unconfined compressive strength the lower the risk for the development of fracture 
networks. Note that a stronger caprock may lead to higher pressure build-up, which may lead to overburden and 
surface heave (e.g., In Salah [26]). Bending of the caprock during uplift may lead to the development of shear 
stresses at the top of the caprock [27], but no cases of caprock failure due to surface heave have been reported thus 
far.  
5.2.4. Caprock permeability 
Relatively permeable caprocks may lead to loss of CO2 containment, simply because CO2 can migrate through 
them under the influence of strong buoyancy forces. This can occur for caprocks with permeabilities as low as k > 
10-18 m2 [28]. The permeability of the caprock mainly influences the potential pressure build-up in the caprock and 
so too the development of fractures. The lower the permeability of the caprock, the less fluid penetration can occur 
and the less pressure can build up, and, thus, a lower failure risk pertains. 
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5.2.5. Caprock dip 
Caprock dip mainly influences the migration of CO2 within the reservoir. Due to high buoyancy of the CO2, the 
supercritical fluid will tend to move upward in the reservoir until structurally trapped. The greater the caprock dip, 
the further the CO2 migrates upwards, with the risk of reaching a spill point or discontinuity in the caprock also 
increasing. Doughty [29] demonstrates that dipping caprock-storage zone systems lead to preferred CO2 migration 
in the up-dip direction. The greater the dip, and its extent, the more quickly, and further, the CO2 may migrate 
laterally. Sub-horizontal reservoirs below anticlinal caprock structures, however, form structural traps and therefore 
securely contain CO2. 
5.2.6. Caprock thickness 
As would be expected, thicker caprocks are lower risk for integrity loss, simply because fracture networks and 
faults can develop further into the caprock without fully transgressing it. For example, at In Salah a fracture network 
reaches 100-200 m into the caprock [30], but since the caprock package is up to 950 m thick, this has no effect on 
the security of storage. 
5.2.7. Caprock heterogeneity 
Caprock heterogeneity increases the risk for integrity and containment loss for various reasons. First, in case of 
lateral heterogeneity (e.g. in turbidite settings), CO2 may reach discontinuities in the caprock, which may allow 
upward migration. In very heterogeneous caprocks, connected fluid pathways to higher strata may be present. 
Second, heterogeneity of lithology within the caprock may lead to stress concentrations, as has already been 
discussed with respect to fault boundaries, rendering these interfaces prone to tensile and shear failure.  
5.2.8. Number of sealing strata 
The number of individual sealing strata within the general caprock package influences the integrity of the system 
simply by forming a baffled system of multiple storage locations with multiple caprocks which act as buffers if the 
primary seal below them fails. Rutqvist et al. [21] assessed the risk for caprock failure in multilayered systems. 
Assessing stress developments in a storage system with three caprocks, of which the lower two have failed, they 
concluded that ensuing upward migration of CO2 creates the highest shear and tensional failure risk at the interface 
of the shallowest storage zone and intact caprock. Thus existence of multiple caprocks is so not a guarantee for CO2 
containment, however, in general the risk for integrity loss decreases with an increasing number of caprocks above 
the primary intended seal. 
5.3. Operations Risk Factors 
5.3.1. Well density and number of uncased wells/total number of wells 
The number of wells already drilled through the caprock clearly increases the risk of CO2 migration. The greater 
the number of wells fully penetrating the caprock and into the storage zone, the greater the number of potential 
leakage pathways present. Gasda et al. [31] illustrate seven pathways by which CO2 can leak through previously 
completed, but now plugged and abandoned wellbores. 
5.3.2. Number of uncased wells/total number of wells 
The risk of leakage is even greater for uncased wells. Best CO2 practices currently dictate that new well casings 
are to be designed to stay intact for timescales on the order of thousands of years. The biggest risk overall for safe 
CO2 storage is posed by old abandoned wells, residing mainly in depleted hydrocarbon reservoirs, which were not 
designed for secure storage for timescales of this magnitude [32]. 
5.3.3. Temperature difference between injected CO2 and storage zone 
The number of. 
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5.4. Methodology 
For each of the risk factors we establish three order of magnitude risk value ranges corresponding to low, 
moderate, and high risk. For example, for the first mechanical state risk factor discussed above, the ratio of desired 
maximum formation pressure to effective minimum horizontal stress, values of 0.5 and below are considered low 
risk, between 0.5 and .075 moderate risk, and anything higher than 0.75 is considered high risk.  Low risk conditions 
are assigned a risk score of 1.   Moderate risk conditions are assigned a risk score of 10.   And high risk conditions 
are assigned a risk score of 100.  The purpose for using order of magnitude risk scores is to develop general ranking 
criteria that are not overly influenced by any one individual factor, many of which are necessarily subjective in 
nature. 
Risk factor scores are assigned to each of the leakage mechanisms (tensile fracture, fault activation, and well 
damage).  If a risk factor does not influence a particular leakage mechanism, it is scored as 1 no matter its value. For 
example, our caprock-storage zone risk factor of caprock permeability clearly has an effect on tensile failure of the 
caprock, thus a high value for caprock permeability receives a higher risk score. But caprock permeability has no 
effect on the failure of wellbores or the breeching of older wellbores, so a highly permeable caprock does not 
influence the well damage mechanism. 
We have included 19 factors in QRD4AT and three leakage mechanism for each.  Thus each storage site, or 
potential storage site, receives 57 factor scores.  Total risk is the sum of all factor scores, allowing comparison 
between alternative sites.   For each risk factor we have set up ranges that we associated with high, moderate or low 
leakage potential. Table 2 shows the ranges for separate risk factors.  
 
Table 2  Risk factor value ranges in current QRDAT version 
Risk factor Risk factor value ranges 
 High risk Moderate risk Low risk 
Lateral extension of the storage zone/formation depth <25 25-100 >100 
Storage zone thickness/storage zone depth  > 0.5 0.1-0.5 < 0.1 
Stress regime Compressional Transform Extensional 
Caprock strength Weak  Moderate Strong 
Caprock thickness  3 m 3-30 m  30 m 
Fault boundaries  Multiple One  None 
Natural seismicity High Moderate Low 
Number of caprocks No One Multiple 
Maximum formation pressure/formation depth  0.75 0.625-0.75  0.625 
Desired maximum formation pressure/discovery 
pressure 
 1.5 1.25-1.5  1.25 
Well density > 15 5-15 < 5 
Number of uncased wells/total number of wells > 0.6 0.2-0.6 < 0.2 
Temperature difference between the injected CO2 and 
the ambient storage zone temperature 
  60 ƕC 30-60 ƕC   30 ƕC 
Caprock heterogeneity Significant Moderate Strong 
Caprock permeability > 10-15 m2 10-18-10-15 m2 < 10-18 m2 
Caprock lateral extend/storage zone thickness <25 25-100 >100 
Caprock dip  8° 2°-8°  2° 
Minimum horizontal stress/vertical stress (stress ratio) <0.55 0.55-0.65 >0.65 
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Fig. 30. Mechanical state risk factors and ranges included in risk assessment tool. 
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Fig. 31. Caprock and storage zone risk factors and ranges included in risk assessment tool. 
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Fig. 32. Operating parameters risk factors and ranges included in risk assessment tool. 
 
5.5.  Sample application to five storage projects  
We have applied the risk assessment to evaluate five CO2 injection and potential injection sites.   The first three 
are potential CO2 sites under consideration, including the Kevin Dome site, the Louden site, and the Wilmington 
graben.  Two others are actual large scale CO2 injection sites, including Sleipner in the North Sea and In Salah in 
North Africa.    The resulting total risk scores are presented in Figure 33.   
 
 
 
Figure 33 Total QRDAT risk scores for five CO2 potential and actual injection sites. 
Table 3 shows the risk scores for the five locations, including the category scores for the three leakage mechanisms:  
mechanical state, caprock-reservoir system and operations.    The likelihood scores for each site may then be 
converted to absolute order-of-magnitude probability.  An example is provided in Table 4Table 4, and is applied and 
shown in Fig. 34.  The resulting order-of-magnitude probability showed that both the Loudon and Wilmington 
Graben have a relatively high 10-1 risk values, while the other three site examples have relatively moderate 10-2 risk 
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values.  Note that these leakage risk ranges are generally consistent with the historical observations of leakage risk 
in the natural gas storage industry, as discussed earlier in this paper.     Also note that of the two actual operating 
examples, In Salah experienced out of zone fracture concerns and has been shut-in. 
 
 
Table 3 Estimated Site Risk Scores 
Category Range of 
risk scores 
Kevin 
Dome 
Loudon 
Field 
Wilmington 
Graben 
Sleipner In Salah 
Mechanical 
State 
21-1902 345 660 840 102 390 
Caprock-
Reservoir 
System 
27-2007 27 45 972 342 27 
Operations 9-405 9 27 27 9 27 
TOTAL 57-4314 381 732 1839 453 444 
Table 4: Relative Risk Scores and Order-of-Magnitude Probabilities 
 
 
 
Fig. 34.  Relative risk scores and the contribution of the three main groups of risk scores to the relative risk ranking 
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6. Summary and Conclusions 
As part of GeoMechanics Technologies’ DOE-funded project, Development of Improved Caprock Integrity and 
Risk Assessment Techniques, we have completed a multi-phase geomechanical caprock integrity study to advance 
understanding of caprock integrity issues associated with large scale CO2 injection. First, from our detailed review, 
analysis, and description of historical leakage events related to caprock integrity within the natural gas storage 
industry, we conclude that risks for gas leakage events are generally higher than previously estimated and published, 
and are in the range of 10-1 to 10-2.  Second, coupled transport flow and geomechanical simulations of three large-
scale geologic sequestration sites were completed to analyze their potential of caprock failure due to geomechanical 
damage.  Induces stresses in each of the fields investigated are not sufficient to raise concerns regarding caprock 
fracturing or fault activation.  Third, we have developed and documented a quantitative risk and decision analysis 
tool to assess caprock integrity risks.   Application to five study sites indicates that the Kevin Dome site presents the 
least risk for CO2 injection, while the Wilmington Graben site present the highest risk.  
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